Diets rich in fruits and vegetables are associated with lower risk of cancer which may be conferred in part by the antioxidant properties of these foods. However, antioxidant supplementation or increased consumption of antioxidant-rich foods has been reported to have inconsistent effects on DNA damage. The present work (the DART study) investigated the extent of inter-individual variation in DNA damage, the capacity for base excision repair (BER) and the responses of both variables to supplementation with an antioxidant supplement for 6 weeks. There was a wide inter-individual variation in endogenous lymphocyte DNA strand breaks (8-fold variation), in damage after a challenge with H 2 O 2 (16-fold variation) and in DNA repair (41-fold variation) measured using the comet assay. When stratified into tertiles according to the pre-supplementation level of endogenous DNA damage, there was a statistically significant decrease in DNA damage after supplementation in the tertile with the highest pre-supplementation level of damage. There was no effect of supplementation on BER. Endogenous DNA damage level before supplementation was significantly different (P¼ 0·037) between the three genotypes for the Val16Ala single nucleotide polymorphism in manganese superoxide dismutase (rs4880) with individuals homozygous/wild type showing less damage than those carrying the alanine variant.
Reactive oxygen species, generated as a consequence of cellular metabolism and environmental stress (1) , have the potential to modify and damage DNA. Oxidative DNA damage is implicated in carcinogenesis (2) and in ageing and its associated chronic diseases that are characterised by an accumulation of DNA damage (3, 4) . Endogenous cellular defence mechanisms responsible for preventing damage by reactive oxygen species include catalase, superoxide dismutase and the Se-dependent glutathione peroxidases (1) . Antioxidant defence is also provided by the exogenous vitamins A, C and E. Despite these defence mechanisms, five multienzyme DNA repair mechanisms are required in mammalian cells: base excision repair (BER); nucleotide excision repair (NER); direct repair; post-replication repair; mismatch repair (5, 6) . Of these, BER is the principal mechanism responsible for maintaining the integrity of the human genome against oxidative damage.
Diets rich in fruits and vegetables are associated with reduced risk of cancer (7) and this apparent protection may be conferred in part by the antioxidant properties of these foods. The underlying mechanisms may include nutritional modulation of the cellular processes which protect DNA from damage or which repair DNA. Several in vivo studies have investigated the potential benefits of fruit and vegetables, fruit and vegetable juices and extracts or supplementation with selected antioxidants on DNA damage and repair (8 -21) . Overall, there is considerable heterogeneity in the reported effects of antioxidant supplementation or increased consumption of antioxidant-rich foods on endogenous DNA damage and/or damage induced by an H 2 O 2 challenge (22) , and only a limited number of studies have demonstrated benefit in terms of DNA repair (23 -26) . The lack of consistency in outcomes from these studies may be attributable to differences in study designs including the nature and duration of intervention and the age, sex, health status and lifestyle characteristics of the study populations. There are few data on inter-individual variation in capacity for BER (27) although, in a companion study, we have reported elevenfold between-person variation in capacity for NER in healthy, young volunteers and substantial within-person variation (26) . While it is clear that single nucleotide polymorphisms (SNP) in key defence and repair genes may influence an individual's susceptibility to DNA damage and ability to repair DNA (28 -30) , there has been little research on the relevance of these SNP to DNA damage in healthy individuals (31) . The aims of the present study (the DNA damage and repair trial; the DART study) were to investigate the extent of inter-individual variation in DNA damage, as measured by DNA strand breaks, and capacity for BER and inter-individual variation in the response of BER and damage to DNA to a 6-week supplementation with dietary antioxidants. In addition, a pilot study was carried out to explore the relationship between these parameters and genotype for polymorphisms in key antioxidant defence genes.
Materials and methods

Participants
Participants were recruited by advertisement at Newcastle University, Newcastle upon Tyne, UK and were between 18 and 30 years old. Exclusion criteria were smoking and current use of nutritional supplements. A total of fifty-four volunteers were recruited and forty-eight subjects (seventeen male, thirtyone female, mean age 21 years, Table 2 ) completed the study. Five withdrew from the study giving no reason and blood could not be collected from another. The present study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects/patients were approved by the Newcastle and North Tyneside Health Authority Joint Ethics Committee. Written informed consent was obtained from all the subjects.
Dietary assessment
Habitual dietary intake was estimated at recruitment using a self-administered FFQ that was a modified version of the previously validated European Prospective Investigation of Cancer FFQ (32) . These minor modifications reflected the typical diet of the North-East of England population. The data were entered into SPSS and analysed using an in-house database using an approach similar to that described by Welch et al. (33) .
Supplement
The antioxidant supplement was a commercially available over the counter product suitable for vegetarians. The supplement provided 100 mg Se, 450 mg vitamin A (300 mg retinol equivalent retinol, 150 mg retinol equivalent b-carotene), 90 mg vitamin C and 30 mg vitamin E per capsule (Wassen International Ltd, Surrey, UK).
Study protocol
The subjects were asked to refrain from strenuous physical activity and to abstain from alcohol for 2 d before blood collection. Of the forty-eight volunteers recruited, eight were randomly allocated to a so-called 'wild' (23) or control group who took no supplement. The remaining subjects were provided with the supplements and instructed to take one capsule daily for 6 weeks while following their normal diet; forty-eight individuals completed the 6-week supplementation period. At baseline and after 6 weeks of supplementation, fasting blood samples (40 ml) were collected in evacuated containers containing EDTA. Lymphocytes were isolated immediately from 20 ml blood and an aliquot was cryopreserved for subsequent single-cell gel electrophoresis analysis for assay of DNA strand breaks. A second aliquot of lymphocytes was used immediately to prepare an extract for assay of BER. Whole blood was frozen at 2 808C for DNA extraction. Plasma was frozen at 2 808C for subsequent antioxidant analysis. Body weight and height were self-reported.
Single-cell gel electrophoresis analysis (comet assay)
Lymphocytes were separated immediately after blood sample collection using density gradient sedimentation (Histopaque 1077; Sigma-Aldrich, Inc., St Louis, MO, USA) and frozen at a density of 3 £ 10 6 per ml in 90 % heat-treated fetal calf serum/10 % dimethyl sulphoxide (DMSO). Endogenous strand breaks and induced DNA damage were measured in lymphocytes collected from a given subject on the same day. Cells were recovered by washing in cold PBS and resuspended in Roswell Park Memorial Institute (RPmI) medium containing 10 % fetal calf serum. To assess resistance to induced oxidative DNA damage, lymphocytes were exposed to 150 mM-H 2 O 2 for 5 min before embedding in 85 ml of 1 % low-melting point agarose. For measurement of both endogenous and induced damages, cells suspended in agarose were then transferred to a microscope slide previously coated with 1 % normal-melting point agarose and covered quickly with a glass coverslip. Once the gel had set, the coverslip was removed and the cells were lysed in 2·5 M-NaCl, 0·1 M-EDTA, 10 mM-2-amino-2-hydroxymethyl-propane-1,3-diol (Tris), pH 10, 10 % DMSO, 1 % Triton-X100 at 48C for 1 h, then treated with alkali (0·3 M-NaOH, 1 mM-EDTA) for 40 min before electrophoresis at 48C for 30 min at 25 V 300 mA. The slides were washed three times in 0·4 M-TrisHCl, pH 7·5 to neutralise and were stained with 4 0 ,6-diamidino-2-phenylindole to allow visualisation by fluorescent microscopy using an Olympus BX51 microscope. Digital images were captured using an Olympus DP50 digital camera and Analysis Viewfinder Lite SIS Software. DNA strand breaks were measured using Komet 5.5 software (Kinetic Imaging, Liverpool, UK) and expressed as mean percentage of fluorescence in the DNA tail of 100 cells. All the samples were assayed in duplicate and results were normalised to a quality control sample that was analysed with each batch of samples.
DNA repair assay
BER was measured using a modified comet assay (23) . Lymphocytes were washed in 13·5 mM-HEPES, 0·12 M-KCl, 0·3 mM-EDTA, 0·03 mM-dithiothreitol, 3 % glycerol, pH 7·8. Cells were resuspended and frozen in 45 mM-HEPES, 0·4 M-KCl, 1 mM-EDTA, 0·1 mM-dithiothreitol, 10 % glycerol as 50 ml aliquots at a concentration of 10 8 cells per ml. This extract was then used to repair 8-oxoguanine sites induced in lysed HeLa cells by the action of visible light on the photosensitiser Ro 19-8022 (a gift from F Hoffman la Roche, Basel, Switzerland). HeLa cells were seeded at a density of 2 £ 10 5 cells per 35 mm Petri dish and 48 h later the cells were treated with 2 mM-Ro19-8022, on ice, and exposed to light (500 W, 5 min, distance 15 cm). HeLa cells were then washed, embedded in low-melting-point agarose and incubated in lysis buffer as in the comet assay (23) . Frozen lymphocyte extract was thawed, centrifuged, resuspended in 40 mM-HEPES, 0·1 M-KCl, 0·5 mM-EDTA, 0·1 mg/ml bovine serum albumin, pH 7·8 and incubated with the HeLa cells in a humidified environment at 378C for 20 min before being placed on ice to stop the reaction. In parallel, control assays were carried out in which either the incubation time was zero, only buffer was added (negative control) or purified formamidopyramidine glycosylase (New England Biolabs, Hitchin, UK) was added as a positive control. The remaining steps (i.e. alkali treatment, electrophoresis and visualisation of DNA strand breaks) were as described earlier. All the samples were assayed in duplicate.
Assay of plasma antioxidant activity
For analysis of ferric reducing antioxidant power (FRAP), the whole blood samples were centrifuged for 15 min at 48C, and the plasma was snap frozen and stored at 2 808C until analysis. The FRAP assay was performed on the plasma samples as described by Nagah & Seal (34) based on the method by Benzie & Strain (35) . Values were expressed as ferrous ion equivalent unit of activity. Plasma antioxidant capacity was also measured using the Trolox total equivalent antioxidant capacity (TEAC) assay (34) . Results are expressed as Trolox equivalent unit of activity.
Genotyping DNA was extracted from 5 ml whole blood using previously described methods (36) . DNA (100 ng) was amplified by PCR using primers detailed in Table 1 and genotypes were determined by restriction digestion, followed by electrophoresis on either 2 % agarose gels or 10 % polyacrylamide gels in Tris -borate-EDTA buffer.
Statistical analysis
Data were analysed using SPSS version 12.0.2. Analysis using a Kolmogorov-Smirnov test showed that the data were normally distributed (P.0·05). ANOVA was used to compare the supplement and control groups at baseline and post-intervention for all variables measured. DNA damage and repair values were normalised to quality controls. Pre-and post-intervention comet and BER assay data were divided into tertiles and stratified according to pre-supplemented endogenous damage and pre-supplemented BER, respectively, as measured by the comet assay. Differences in DNA strand breaks and BER before and after supplementation for each tertile were analysed by Student's t test. DNA damage and repair in relation to genotype were compared using ANOVA and OR calculated. Statistical significance difference was defined as P,0·05.
Results
The DART study was carried out on a group of volunteers who gave blood samples on two occasions for measurement of lymphocyte DNA damage and repair as well as plasma antioxidant status assessed by TEAC and FRAP assays. Forty volunteers were given a commercial vitamin and mineral supplement for the 6 weeks between blood sampling. The primary aim was to study the inter-individual variation in DNA damage and BER repair capacity at baseline and following micronutrient supplementation. Therefore, a 'before intervention' v. 'after intervention' study design was adopted. However, since relatively little information is available about the intra-individual variation of these parameters over time, an additional small set of unsupplemented individuals was included in the study. These eight individuals were assigned at random to the wild group who received no supplement. As indicated in Table 2 , the volunteers were young adults (18-30 years) of both sexes (seventeen male, thirty-one female). There was no significant difference in any of the dietary and lifestyle characteristics of the subjects between the control and supplemented groups ( Table 2) . Except for two volunteers in each of the wild and supplemented groups, all the volunteers were of Caucasian origin.
There was no significant difference between the groups in DNA damage, BER repair or antioxidant activity at baseline. There was no association between age and BMI (R 2 0·002, P¼0·80), and there was no significant difference between males and females for baseline endogenous damage (P¼0·84), H 2 O 2 -induced damage (P¼0·72) or for BER (P¼0·85). Endogenous damage at baseline appeared to increase with increasing age (R 2 0·15, P¼0·08; Fig. 1(a) ) and BMI (R 2 0·15, P¼0·010; Fig. 1(b) ). There were no associations between H 2 O 2 -induced damage and age (R 2 0·05, P¼0·14) or BMI (R 2 0·006, P¼0·63) or between BER and age (R 2 0·005, P¼0·676) or BMI (R 2 0·001, P¼0·87). There was no association between baseline BER and endogenous DNA damage (R 2 0·007, P¼0·62) or H 2 O 2 -induced damage (R 2 0·16, P¼0·44). However, there was an inverse correlation between endogenous DNA damage and NER in lymphocytes (measured using a plasmid-based host cell reactivation assay) from the same volunteers, as reported elsewhere (R 2 0·17, P¼0·005) (26) . Mean endogenous damage before supplementation was 23 % DNA in the tail (comparable to values reported by others using this analysis method (8, 11) ), and the net increase after challenge with H 2 O 2 was approximately 16 %. There was wide inter-individual variation in both endogenous DNA damage and the increase in damage after the oxidative challenge in the group before supplementation (endogenous DNA damage and damage after challenge were 7 -56 % and 2-32 % DNA in the tail, respectively). Such variation could reflect the influence of intra-individual variation over time or inter-individual differences in exposure to damaging agents, in antioxidant status and in genetically determined DNA defence mechanisms. Since the data were normalised to a quality control sample, day to day variation in the assay would not be expected to contribute significantly to this inter-individual variation.
As shown in Table 3 , supplementation led to a small decrease in mean endogenous damage, but this effect was not statistically significant. However, ranking of the data suggested that the response to supplementation was greatest in individuals who had the highest endogenous damage at baseline (Fig. 2(a) ). When the data were stratified into tertiles according to the pre-supplementation level of endogenous damage, there was a significant decrease (P, 0·01) after supplementation in the tertile with the highest pre-supplementation level of endogenous damage but not in the other two groups ( Table 4 ). The mean habitual diet (intakes of energy, macronutrients, fruit and vegetables) of the volunteers in this tertile was not significantly different from that of the remaining volunteers and indeed no dietary factors were significantly associated with baseline DNA damage (data not shown). Analysis of covariance with the baseline value as a covariate confirmed that there was a significant difference in response of DNA strand breaks to supplementation across the tertiles (P¼0·014); no significant differences were seen between tertiles for H 2 O 2 -induced DNA damage (P¼0·817) or BER (P¼0·626). Supplementation had no significant effect on the level of induced DNA damage following an oxidative challenge with H 2 O 2 even when the data were stratified according to pre-supplementation levels of induced damage (Table 4 ; Fig. 2(b) ). Thus, overall the data suggest that there is considerable inter-individual variation in both endogenous and H 2 O 2 -induced DNA damage and that in individuals who have a high baseline level of endogenous damage, supplementation with a cocktail of antioxidant vitamins and minerals lowers endogenous lymphocyte DNA damage.
There was an apparent increase in mean TEAC activity after 6 weeks supplementation (P¼0·055), but there was no increase over the same time period in the wild group (Table 3 ). In contrast, there was no increase in FRAP activity following supplementation. The change in TEAC but not FRAP may reflect differences in the components of antioxidant capacity estimated by the two assays; the TEAC assay measures the capacity of the plasma to inhibit the generation of free radicals, whereas the FRAP assay is insensitive to sulphydryl group-containing antioxidants such as glutathione (37) . There were no relationships at baseline between antioxidant capacity and endogenous DNA damage, H 2 O 2 -induced damage or DNA repair.
In addition to levels of DNA damage, BER capacity was measured using a modified comet assay. There was a wide variation in BER capacity (0·6 -25·0 % tail DNA) comparable with that found for DNA damage. In addition, the extent of the response of DNA repair to supplementation showed considerable inter-individual variation with approximately 35 % of individuals showing no increase or a lower repair rate after supplementation. The remaining 65 % of the cohort showed a 30-fold variation in the increase in DNA repair rate (Fig. 2(c) ). For the cohort as a whole, or after stratification on the basis of pre-supplementation BER, there was no statistically significant evidence that vitamin and mineral supplementation affected BER (Table 4) . Pre-and postsupplementation measurements were significantly correlated for BER (R 2 0·52, P,0·001; Fig. 3 ) and H 2 O 2 -induced damage (R 2 0·101, P, 0·034). FRAP, ferric reducing antioxidant power; TEAC, trolox total equivalent antioxidant capacity. * DNA damage (both in isolated lymphocytes and in lymphocytes stimulated with hydrogen peroxide ex vivo) and repair were measured using the comet assay. Damage is presented as mean percentage tail DNA and repair as mean incision activity in arbitrary units. Antioxidant activity in plasma was estimated using FRAP and TEAC assays before and after supplementation. † ANOVA was used to compare supplement and control groups at baseline. There were no significant differences between the supplement and control group at baseline for any of the variables measured. P values not shown in the table. ‡ Variables were compared before and after supplementation using a paired Student's t test. § Analysis of covariance was used to compare supplement and control groups post-supplementation with the pre-supplement values as the covariate.
Volunteers were genotyped for three common functionally significant variants in genes encoding important antioxidant protection enzymes (GPX1, GPX4 and MnSOD). Differences in DNA damage on the basis of genotype were compared by ANOVA, and the results are summarised in Table 5. The endogenous DNA damage level before supplementation was significantly different between the three MnSOD genotypes, with individuals homozygous for the valine allele having the lowest level of damage (P¼0·037), but the response to supplementation did not differ significantly between the three genotype groups. When tertiles for endogenous DNA damage were related to genotype and the low and medium tertile damage groups were pooled, there was a significant difference between MnSOD frequencies in these groups compared with the high damage group (OR ¼ 10 (95 % CI, 1·1, 100·0); P¼0·028) for higher damage level in individuals possessing one or two Ala alleles, data not shown). There were no significant differences between levels of endogenous or peroxide-induced damage in respect of GPx1 or GPx4 genotype either before or after supplementation.
Discussion
The cellular mechanisms for defence against DNA damage and those responsible for DNA repair are both critical in maintaining cell integrity. The present results show that levels of endogenous lymphocyte DNA damage and BER and damage induced by exposure of lymphocytes to an in vitro oxidative challenge vary widely even among healthy non-smoking individuals in the age range of 18-30 years. The present study extends earlier suggestions of substantial inter-individual variation in BER (16, 23, 27) to a larger population group and complements our findings of large interindividual variation in NER measured by the plasmid-based host cell reactivation assay in the same healthy, young volunteers (26) . Further, the present study provides evidence that antioxidant supplementation for 6 weeks led to lower endogenous DNA damage in those individuals with the highest level of damage before supplementation.
The basis for the considerable variation in both DNA damage and BER is not known. Apart from a contribution from within-individual variation, it is possible that the age, sex, health status and lifestyle characteristics of individuals within the study population all contribute to DNA damage and to repair capacity. In addition, inherent, genetically encoded differences in individuals' abilities to protect their DNA from oxidative damage and to repair such damage may influence baseline DNA damage and repair as well as responses to supplementation. For example, 2 to 3-fold variation in 8-oxoguanine glycosylase activity (37, 38) has been observed between individuals and this could contribute to the observed variation in BER. There has been no systematic study of the extent to which SNP in genes encoding antioxidant protection proteins contribute to such inter-individual variation, but our related study of polymorphisms in genes encoding the NER system found that while no single polymorphism was associated with the NER capacity, there were significant gene -gene interactions (26) . Although the number of individuals in the present intervention study was small, we carried out a pilot investigation of possible influences of functionally significant SNP on DNA damage and repair and on responses to antioxidant nutrient supplementation. The data suggest that the Val allele of the MnSOD gene is more common in the group of volunteers with lower levels of endogenous DNA strand breaks, suggesting that there may be an association between this polymorphism and ability to defend DNA from oxidative stress. This is important in view of the recent observations that manganese superoxide dismutase is a major component of antioxidant protection in mitochondria (39) , and that the Val genotype confers increased antioxidant activity in vivo (28) . Furthermore, risk of prostate cancer was greater, and dependent on antioxidant status, in men homozygous for the Ala version of manganese superoxide dismutases (40) , which emphasises the potential importance of combined effects of SNP and nutritional status (41) . We hypothesise that the Val genotype confers greater protection from oxidative DNA damage.
Previous studies have produced inconsistent responses in levels of DNA damage to either increased intakes of fruits and vegetables or antioxidant supplementation. For example, antioxidant supplementation has been reported to decrease endogenous DNA damage in some studies (9, 42) but not in others (19) . Notably, in one study there were no effects in healthy volunteers (19) , but effects were apparent in smokers (9) suggesting that lifestyle factors that affect endogenous DNA damage (or DNA repair) may influence the response to supplementation. The present study found that antioxidant supplementation had no effect on the level of DNA strand breaks when the cohort was analysed as a whole but, when stratified according to initial and pre-supplementation DNA damage, supplementation was accompanied by a significant fall in endogenous DNA damage. This suggests that individuals with higher levels of DNA strand breaks may benefit from antioxidant supplementation and is compatible with recent studies suggesting that the benefits of dietary supplementation may be apparent only in populations with low antioxidant status or with existing high levels of oxidative damage, for example in smokers (9) . The lack of effect of antioxidant supplementation in some studies (11, 16, 18, 19, 43) may be a consequence of (adequate) dietary antioxidant status at baseline. Alternatively in individuals with a higher baseline antioxidant status, longer periods of supplementation may be required to influence DNA damage so that supplementation for 6 weeks as used in the present study may have been inadequate to elicit a lowering of DNA damage. Interestingly, a fall in endogenous oxidative damage was observed in both smokers and non-smokers after 20 weeks of supplemental antioxidants (21) . Overall, such data indicate that inter-individual Fig. 3 . Correlation between lymphocyte DNA repair capacity before and after supplementation. DNA repair capacity was measured at baseline and again 6 weeks later after antioxidant supplementation (X). For comparison, data from the control group measured on two occasions 6 weeks apart (W) are also shown.
variation in parameters of DNA damage and repair should be taken into account in the design and analysis of antioxidant nutrient supplementation studies and that the subjects with higher baseline levels of DNA damage should be the focus of future studies (44) . In contrast with the changes observed in DNA damage, the present study did not detect any effect of supplementation on BER measured using the modified comet assay. This is compatible with the lack of effect of fruit and vegetable supplementation on expression of DNA repair genes in young, healthy volunteers (15) but is in contrast with the observed enhanced BER after supplementation with kiwi fruit (23) . One explanation for the difference in findings between studies is that the volunteers in the kiwi fruit study were older (26-54 years) and likely to have higher adiposity and may therefore have had both greater DNA damage and a lower baseline repair capacity (25) . Note that, in the present study, we observed significant positive relationships between DNA damage and age ( Fig. 1(a) ) and BMI ( Fig. 1(b) ).
There was no observable association between endogenous DNA damage and BER, but measurement of NER in the same individuals showed an inverse association between NER and DNA damage (26) . This difference may reflect a relatively greater contribution of NER (compared with BER) to determination of baseline DNA damage or technical differences in the measurements of the two repair processes.
In conclusion, this intervention study has demonstrated that there is considerable inter-individual variation in the level of DNA damage, BER rates and the response in BER to an antioxidant supplement even among healthy, young non-smoking adults. Further investigation using multiple repeat measurements in each individual would help to define the relative contributions of intra-individual variation over time and inherent differences between individuals. Both endogenous DNA damage and the level of DNA damage induced by an oxidative challenge were reduced by supplementation in individuals with higher DNA damage levels before supplementation. Thus, the ability to respond to an oxidant challenge improved after antioxidant supplementation in individuals with initially lower ability to respond to such a challenge. Our hypothesis is that individuals who show high levels of DNA damage are limited in their antioxidant capacity and that damage may be reduced by dietary antioxidants i.e. individuals with higher levels of DNA damage are more likely to benefit from increased dietary antioxidant intake. Preliminary data suggest that a common polymorphism in the MnSOD gene may have a role in determining levels of DNA damage. Future studies should take inter-individual variation and genetic factors into account, and there is a strong rationale for the proposition that the subjects with higher baseline levels of oxidative damage should be the focus of future studies (44) . GPX, glutathione peroxidase; MnSOD, manganese superoxide dismutase. * Both endogenous and hydrogen peroxide-induced DNA damage is presented as mean percentage tail DNA and repair as mean incision activity in arbitrary units. Damage in groups of different genotype was compared using ANOVA. † Significant differences between MnSOD genotypes (P ¼ 0·03).
